In 1989, Lake Piaseczno, Poland, exhibited a mass appearance of Planktothrix rubescens. During this time the pelagic and littoral areas exhibited significant increases in areal primary production (400 and 41 mg C m -2 h -1 , respectively), chlorophyll a (100 and 6.9 mg m -2 , respectively) and assimilation number (4 and 5.9 mg C m -2 h -1 /mg chla m -2 , respectively). After the water bloom subsided, a reduction of dissolved oxygen concentration (down to 1.5 mg L -1 ) and high water temperature (10.2°C) in the offshore bottom zone was observed. While from 1991 to 1996, the primary production, chlorophyll a concentration and assimilation number values were decreasing, they were significantly higher than the values reported in 1986, prior to the mass cyanobacteria appearance. An indirect correlation with ion levels indicated that the outbreak of the cyanobacteria was linked with inflow of nutrients from the catchment area. The dramatic changes in the range and variability of the phytoplankton density indicate that the recent eutrophication of the lake has had profound effects on the structure and productivity of the aquatic community.
Introduction
Eighty years ago, Lake Piaseczno located in theĹęczna-Wĺ odawa Lake District, Eastern Poland, was still considered an oligotrophic lake (Lityński 1919) . Nearly sixty years later, Brzęk et al. (1975) defined it as α-mesotrophic. In the years that followed, the extensive anthropogenic use of the lake and the transformations taking place in its immediate vicinity intensified the process of degradation. The lake's catchment area of 284.9 ha underwent significant changes. From 1976 to 1984, the area of forests increased by 11%, peat bogs and meadows by 22%, and recreational areas and roads by as much as 88%. The area of arable land and orchards decreased considerably by 73% (Furtak and Turczyń ski 1998) . The farms located on the sandy soils by the eastern lakeshore were replaced by summer houses without sewage systems. Around the lake, 210 summer houses were built prior to 1986. Their numbers increased to 300 in 1990 and 570 in 1996. The simultaneous lowering of the water level resulted in reduction of the lake area by 6.2%, exposing the blanket peat bog adjacent to it.
Draining and subsequent mineralization of the peat bog intensified the influx of nutrients into the lake water and increased its trophic state (Wojciechowski and Górniak 1990) . Research focussing on the phytoplankton of Lake Piaseczno conducted since the late 1960s indicated that until the mid-1980s, filamentous cyanobacteria were only occasionally found in the lake. They were represented by only a few species, and their density was low. Cyanobacteria from Chroococcales order were much more abundant in the lake's phytoplankton. In the first half of the 1970s, during springtime, the phytoplankton was often dominated or subdominated by Microcystis incerta Lemm. and Aphanothece clathrata W. et G.S. West (Wojciechowska and Krupa 1980) . Until as late as 1986, no Planktothrix rubescens (D.C. ex Gom.) Anagn. et Kom. (previously known as Oscillatoria rubescens D.C. Gom.) was reported in the lake.
The objective of this paper was to determine the process of degradation of the water quality of Lake Piaseczno resulting from the intensification of anthropogenic factors, as demonstrated by the appearance and domination of phytoplankton by Planktothrix rubescens.
Materials and Methods
This paper presents the results of research undertaken in the spring, summer and autumn of 1986, 1989, 1991, 1993 and 1996 (samples collected 4 to 6 times each year) in Lake Piaseczno (51°23'N, 23°02'E, 170.6 m a.s.l., area of 68.47 ha, maximum depth 38.8 m) in theĹęczna-Wĺ odawa Lake District of Poland. Water samples for physico-chemical analysis were taken at the same time that phytoplankton was sampled. The physico-chemical characteristics measured in the pelagic and littoral zones included Secchi disc transparency, temperature, pH, conductivity and oxygen concentration (Winkler method). Dissolved nutrients were also measured in samples from both sites, after filtration with a Filtrak 390 unit (nominal pore size 0.45 µm). These were then analyzed for NH 4 -N (Nessler method), NO 3 -N (using phenoldisulfonic acid), PO 4 -P (using ammonium molybdate; Golterman 1971), and K (measured photometrically). Ionic concentration was also measured in the groundwater of the piezometer well located 10 m from the lake shoreline. The biological investigation included quantitative and qualitative structure of phytoplankton, gross primary production and chlorophyll a concentration of the plankton. The samples for phytoplankton determinations were drawn in the pelagic area at the maximum depth, then separately for each thermal layer (on 22 dates), and in the shallow littoral area with water depth of 0.75 m (on 28 dates). Live material was used for taxonomic identification. The quantitative composition of phytoplankton was determined in samples fixed with Lugol's solution and then with 4% formalin and glycerin, with an inverted microscope according to Utermöhl's method (Vollenweider 1969) . The gross primary production of phytoplankton was estimated by the oxygen method in light and dark bottles during fourhour exposures at the sampling sites (in the pelagic zone at depths of 0, 2.5, 5.0, 7.5, 10.0 and 12.5 m, and in the shallow littoral area at a depth of 0.75 m). The chlorophyll a concentration was measured from an ethanol extract of the filtrate homogenized together with the GF/C filter, using a Specol Zeiss 11 spectrophotometer at 665 and 750 nm (Nusch 1980) .
Results
Over the entire period of research, the lake demonstrated the attributes of dimictic lakes, with a well-developed epilimnion, metalimnion and hypolimnion. Until 1989 and in 1996, water temperature in the offshore bottom zone ranged from 5.0 to 7.4°C. In the summers of 1989 and 1993, a considerable temperature increase was recorded at the bottom (on 1 June 1989, the temperature was 11°C, and on 15 July 1993, 10.2°C). Conductivity and pH of the pelagic and littoral water did not show any significant changes and over the entire period of research it ranged from pH 7.1 to 7.5, and for conductivity, from 85 to 104 µS cm -1 . Water transparency, measured at the maximum depth, ranged from 2.5 m in the autumn of 1989 to 6.2 m in the spring of 1989 and 1993. The average annual values were 5 m ( Fig.1) .
Oxygen concentration at the individual sampling depths was always high. For example, on 24 September 1986, at the depth of 1 m, it was 9.5 mg L -1 , and at the bottom, 6.37 mg L -1 . In September 1989, for the first time, a significant reduction in oxygen concentration was recorded at the depth of 12.5 m, with the bottom zone concentration of only 1.5 mg L -1 . A similar situation occurred again in 1991 and 1996 when the oxygen content of bottom-zone water was only 0.76 and 1.02 mg L -1 , respectively (Fig. 2) . The concentration of NH 4 -N in the pelagic and littoral water ranged from 0.1 to 0.26 mg L -1 , except for 1996, when it reached the highest value of 0.31 mg L -1 in the pelagic zone. The NO 3 -N concentration at both sampling sites did not vary greatly and ranged from 0.05 to 0.06 mg L -1 . The highest concentration of 0.12 mg L -1 NO 3 -N was recorded in the pelagic zone in 1993. The concentration of PO 4 -P increased over the entire research period from 0.03 mg L -1 in 1986 and 1989, to 0.13 mg L -1 (in the pelagic zone) and 0.12 mg L -1 (in the littoral) in 1996. The concentration of potassium varied only slightly, with the highest value of 3.64 mg L -1 recorded both for littoral and open water in 1989. The groundwater from the piezometer, its chemical composition the result of the water infiltrating from the surface and lake water (Misztal and Smal 1991) , had many times higher concentrations of all ions tested (Table 1) .
The analysis of phytoplankton density in the selected years of the decade (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) demonstrates the rapid algal increase both in the littoral and pelagic areas in 1989 (Fig. 3) . This was characterized by the considerable increase of the cyanobacteria density resulting from mass appearance of Planktothrix rubescens. The presence of this species in Lake Piaseczno was reported for the first time in 1986. From 1986 to 1989, the average annual density of cyanobacteria increased 3.5-fold in the littoral area, and in the pelagic area by 4.5-fold (Fig. 4) . In the summer of 1989, the high density of P. rubescens continued both in the littoral and the pelagic regions ( Fig. 5 and 6 ). In the littoral zone, the highest density was recorded in March and April. It ranged from 2.1 million to 2.7 x 10 6 L -1 , thus accounting for 85% to 92.9% of the total phytoplankton density. In the pelagic zone, the maximum density of P. rubescens was reported in late April in the epilimnion and metalimnion, 1.3 and 1.5 x 10 6 filaments L -1 , respectively, or 82.3% and 92.6% in the total phytoplankton density. At the end of spring, the density of the species decreased considerably in the littoral, while in the pelagic area, it moved to the cold water of the hypolimnion, to reach the level of 1.55 x 10 6 filaments L -1 (95.4% of total density). In the summer and autumn, P. rubescens nearly completely left the littoral, while in the lake's pelagic hypolimnion it reached the density of 2.0 x 10 6 filaments L -1 , or 83.4% of total density of the phytoplankton. In the following years, the density of P. rubescens was very low and it was not until the autumn of 1996 that it increased in the littoral region to 1.84 x 10 5 filaments L -1 , and in the pelagic epilimnion to 1.91 x 10 5 filaments L -1 .
The values reflecting the primary production measured in the littoral and the pelagic zones are presented as annual averages for the individual depths and seasons (Fig. 7) . In the littoral area, they were significantly lower than in the pelagic zone, however, over the entire period of research, similar trends were seen. The highest primary production values were recorded in 1989. They were over four times higher than the primary The chlorophyll a concentration in the phytoplankton was measured, as in the case of primary production, at the same sampling sites, and presented as annual averages (Fig. 8) . The lowest areal chlorophyll a concentration values were reported both for the littoral and the open water zones in 1986, 4.7 and 58 mg m -2 , respectively. The highest value for the littoral zone in 1996 was 7.88 mg m -2 and for the pelagic zone in Fig. 7 . Gross primary production in the littoral and pelagic zones of Lake Piaseczno. 1989 was 100.02 mg m -2 . The assimilation number was also calculated (ratio of primary production in mg C m -2 h -1 and chlorophyll a concentration in mg m -2 , Ichimura 1968), as an indicator of community productivity. Prior to 1989, it did not exceed 2.0 both for the littoral and the pelagic areas, which indicated a relatively low fertility of the lakewater. In the following years, the values went up, to reach littoral zone levels of 5.94 and 6.21, and planktonic levels of 4.0 and 3.79 in 1989 and 1993, respectively.
Discussion
During the earlier long-term research of Lake Piaseczno phytoplankton, mass appearance of cyanobacteria was never recorded. Even at the time when it dominated the phytoplankton of the lake (this applies to the Chroococcales order), its density and biomass did not reach levels typical of water bloom. In the latter half of the 1980s, the density of filamentous cyanobacteria, Oscillatoria sp., Limnothrix redeckei (Van Goor) M.-E. Meffert (previously known as Oscillatoria redeckei Van Goor), and Planktothrix rubescens, increased considerably (Wojciechowska and Krupa 1992) . Sosnowska (1974) reported the presence of P. rubescens in lakes with a varying degree of trophic nature, from oligotrophy to eutrophy. This cyanobacterium dominates the phytoplankton of mesotrophic Lake Zürich forming a metalimnetic layer during the summer thermal stratification (Walsby 2001) . Lang and Reymond (1993) reported it for eutrophic Swiss lakes. The appearance of this species as a regular phytoplankton component in Lake Maggiore and the increase in its density was recognized as a sign of the lake's eutrophication (Ravera and Vollenweider 1968) . Planktothrix rubescens blooms can have harmful effects for animals and human health. Some of the strains of this cyanobacterium produce the hepatotoxic microcystins (Fastner et al. 1995 (Fastner et al. , 1998 The mass appearance of P. rubescens in Lake Piaseczno was preceded by many years of adverse impact upon the lake: intensified recreation (increase in the number of tourists and pollutant input to the lake water) and groundwater lowering. From 1981 to 1996 the levels of the groundwater table and lake water lowered by 1.3 and 1.6 m, respectively (Michalczyk 1998) . It was related to poor rainfall from 1981 to 1988. The mean value of precipitation for this period reached 450 mm and was significantly lower than the average from 1974 to 1980, which was 600 mm (Kaszewski et al. 2001) . Exploitation of groundwater from wells used for recreation and nearby hard-coal mines, as well as the formation of shallow depressions in the area of the mines contributed further to the lowering of the water level. The lowering of the water level also caused some draining and mineralization of the peat bog adjacent to the lake. These phenomena intensified in the latter half of the 1980s. While from 1976 to 1984, the area of the lake decreased by 6.2%, from 1984 to 1992 it shrank by as much as 13.5%, thus resulting in further exposure of the littoral (Furtak and Turczyń ski 1998) . The rapid increase in the density of P. rubescens was accompanied by the increase of other biological parameters, such as primary gross production, chlorophyll a concentration and reduced oxygen concentration in the offshore bottom zone of the lake. During the earlier long-term research (Lecewicz et al. 1973; Radwan and Kowalczyk 1979; Radwan et al. 1987; Wojciechowski et al. 1995) , until as late as 1989, no oxygen deficit in the offshore bottom zone was recorded.
There is some indirect evidence that the outbreak of P. rubescens was better correlated with the groundwater concentrations of NO 3 -N (r = 0.75; p < 0.05; N = 16) and K (r = 0.69; p < 0.05; N = 16), which both showed the highest levels in 1989, than those levels seen in the lake water (Table 1) . These correlations appeared to be stronger than with other nutrients (PO 4 -P: r = 0.35, p < 0.05, N = 16; NH 4 -N: r = 0.47, p < 0.05, N = 16). Earlier research conducted in the lake demonstrated a correlation between the primary production and chlorophyll a concentration, on one hand, and the chemical composition of groundwater, on the other, as well as the absence of such correlation with the composition of lake water (Czernaś 2001) . Perhaps the determination of the chemical composition of groundwater draining to the lake from its catchment area could enable better projection of water degradation processes than the commonly used determination of the chemical composition of the lake's water. The abatement of the P. rubescens did not result in a reduction of the primary production and chlorophyll a concentration levels to those recorded before the bloom, and while the quantity of oxygen in the offshore bottom zone went up compared to the pre-1989 levels, it continued at a low level. In years following the bloom, Rhodomonas pusilla Bachmann (Javorn.), Chromulina sp., Coenococcus planctonicus Conrad and Chlorella vulgaris Beij. were predominant, with maximal shares in the total phytoplankton density of 68.7%, 56.2%, 51.5% and 21%, respectively. These dominant nannoplankters were responsible for the continued high productivity levels from 1991 to 1993.
